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Abstract: Haloarchaea (halophilic microbes belonging to the Archaea domain) are microorganisms
requiring mid or even high salt concentrations to be alive. The molecular machinery of these
organisms is adapted to such conditions, which are stressful for most life forms. Among their
molecular adaptations, halophilic proteins are characterized by their high content of acidic amino
acids (Aspartate (Asp) and glumate (Glu)), being only stable in solutions containing high salt
concentration (between 1 and 4 M total salt concentration). Recent knowledge about haloarchaeal
peptides, proteins, and enzymes have revealed that many haloarchaeal species produce proteins of
interest due to their potential applications in biotechnology-based industries. Although proteins
of interest are usually overproduced in recombinant prokaryotic or eukaryotic expression systems,
these procedures do not accurately work for halophilic proteins, mainly if such proteins contain
metallocofactors in their structures. This work summarizes the main challenges of heterologous and
homologous expression of enzymes from haloarchaea, paying special attention to the metalloenzymes
involved in the pathway of denitrification (anaerobic reduction of nitrate to dinitrogen), a pathway
with significant implications in wastewater treatment, climate change, and biosensor design.
Keywords: heterologous gene expression; homologous gene expression; recombinant proteins;
metalloenzymes; denitrification; haloarchaea; Haloferax sp
1. Introduction
There is currently available a large variety of methods to create specific constructs for protein
expression in a broad range of organisms. Moreover, restriction enzyme-free, ligation-independent,
and recombinase-based cloning methods have enabled high-throughput protein expression for different
purposes. These methods are also instrumental for modification of target genes, including gene
truncations, site-specific mutagenesis, and domain swapping [1]. Therefore, thanks to the advances of
these technologies and protocols, the homologous and heterologous expression of single genes or even
complete operons has become reliable during the last few decades due to their potential applications,
not only in basic but also in applied science. Gene overexpression is, in general, a step toward further
studies about the structure and function of proteins, or it could be part of a biotechnological process to
produce significant amounts of high-demand compounds, such as enzymes, hormones, etc. [2].
Traditionally, fungi, yeast, and bacteria have been used as hosts for the overexpression of gene
coding for marketed proteins [3]. Since the early 1980s, Escherichia coli has probably been the most used
bacteria for efficient expression of genes [4–7]. Over the years, research on heterologous gene expression
using E. coli as the host has led to an improved capability to accumulate proteins in a soluble form,
secrete proteins from the cell cytoplasm, accumulate proteins in the cytoplasmic membrane, and direct
proteins to the outer membrane of the cell for surface display [8]. However, many heterologous
polypeptides fail to fold into their native state when expressed in E. coli; instead, they are either
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degraded by the cellular proteolytic machinery or accumulated as protein aggregates referred to as
inclusion bodies [9]. This is the case in heterologous expression of proteins from microorganisms
showing a “rare” metabolism such as those from hyperthermophiles, halophiles, haloalkaliphiles, etc.
The nature of these proteins (significant hydrophobic pattern, high content of amino acidic residues,
requirements of high salt concentrations to promote protein folding and stability, requirements related
to the activity of chaperons involved in their folding, etc.) makes difficult the production of soluble
and active forms when using E. coli as the host for gene expression [10]. Some recent studies have
combined different strategies to address this problem. The following approaches have contributed
to the improvement of heterologous expression of proteins from extremophilic organisms: double
promoter expression systems, development of new cloning methods, search for alternative hosts, or
the design of processes to solubilize inclusion bodies and refold the proteins [11–14].
Haloarchaea are microbes belonging to the Archaea domain, characterized for having a high
salt requirement to be alive. Literature data indicated that few proteins from haloarchaea can be
successfully overproduced using E. coli [15,16]. In these studies, proteins obtained as inclusion bodies
were solubilized in the presence of urea. In most cases, the proteins were then refolded by rapid dilution
in high salt concentration buffers, thus recovering native structure and function [17–19]. Although the
genetic manipulation of members of the Archaea domain is still difficult and scarce compared with
bacteria, some recent studies have reported that homologous expression of haloarchaeal proteins is also
possible (most of the work has been carried out with Haloferax species as the model organism) [20,21].
However, there are still limitations to overproduced haloarchaeal proteins containing metallocofactors
by both heterologous and homologous approaches, mainly due to the imbalance between the three
processes: apoprotein production, cofactors assembly and protein folding mediated by chaperons.
The overexpression of genes encoding metalloenzymes involved in the nitrogen cycle in haloarchaea
constitute a good example of such limitations. This review summarizes the main findings from
works on heterologous and homologous expression of proteins from haloarchaea, as well as the main
difficulties found when overexpressing metalloenzymes involved in denitrification in the group of
organisms. Thus, this work continues to shed light on the main challenges to be analyzed in the future
of this topic.
2. Heterologous Expression of Proteins from Haloarchaea
Although the development of viral vectors, systems for transformation, mutant production,
and screening has permitted a significant increase of genetic manipulation of extremophilic
microorganisms, the genetic manipulation of members of the Archaea domain is still difficult and
limited compared with bacteria, as already mentioned before [22]. Archaea has been the focus of
scientific attention during the last three decades, not only due to their biology but also due to the
potential applications of the molecules that they produce (enzymes, bioplastics, carotenoids, antibiotics,
etc.) [23–25]. Thus, enzymes from alkaliphiles, thermophiles, or halophilic archaea revealed as active
and stable catalyzers at high-temperature and high salinity conditions, which are environments
generally adverse to other enzymes, have potential applications in industry and biotechnology [26–32].
Halophilic enzymes are characterized by a relatively higher usage of acidic residues, a low
frequency of lysine, and a high occurrence of amino acids with a low hydrophobic character.
This composition makes the proteins’ surface acidic with a decrease in hydrophobic patches [33,34].
As an example, the analysis of Haloferax mediterranei glucose dehydrogenase structure showed an absence
of very mobile side chains on the surface that allow the formation of a highly ordered multi-layered
solvation shell. This feature is necessary under the water-limited conditions characterizing salty
environments and industrial processes when looking for potential uses of these enzymes [34]. Halophilic
enzymes show thermophilic character as well; consequently, they are stable in a broad range of
temperatures, which make them attractive for the design of new industrial procedures [35,36]. They are
also active and stable in media with low water activity as in the presence of organic solvents [37,38],
even at low salt concentrations if they are encapsulated in reverse micelles. Under these conditions,
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halophilic enzymes could be used for biotechnological applications in nonaqueous media [39,40].
Many enzymes from haloarchaea with potential interest, such as dehydrogenases, glycosyl hydrolases,
proteases, lipases, or esterases have been characterized at the laboratory scale, but no large-scale
applications have been reported yet, mainly due to the difficulties of their overexpression by both
homologous and heterologous processes.
The first approach to overexpress some of these haloarchaeal enzymes was heterologous expression
using E. coli as the host. Table 1 summarizes some of the main works reported so far based on
heterologous expression of haloarchaeal enzymes in bacteria.
Table 1. Enzymes and proteins from haloarchaea overexpressed by heterologous approaches.
Enzyme Haloarchaea Species Host for Overexpression Reference
Co-expression of the RadA recombinase
with the RadB paralog Haloferax volcanii Escherichia coli [41]
Cysteine desulfurase Haloferax volcanii Escherichia coli [42]
D-2-hydroxyacid dehydrogenase Haloferax mediterranei Escherichia coli [43]
Dihydrolipoamide dehydrogenase and
citrate synthase Haloferax volcanii Escherichia coli [16]
Glucose dehydrogenase Haloferax mediterranei Escherichia coli [44]
Halolysin-like protease Natrialba magadii Escherichia coli [45]
Laccase Haloferax volcanii Escherichia coli [46]
Mn-containing superoxide dismutase Halobacterium halobium Escherichia coli [47]
NADP-dependent isocitrate dehydrogenase Haloferax volcanii Escherichia coli [17]
NADP-glutamate dehydrogenase Haloferax mediterranei Escherichia coli [18]
Rhodopsins Haloarcula marismortui Escherichia coli [48]
In the majority of these works, the enzymes have been expressed using different types of E. coli
strains for cloning and protein expression (DH5a, BL21(DE3), XL-Blue, JM109, JM101 among others) and
several cytoplasmic expression vectors such as pET (several versions: 3a, 3d, 11), pJAM, pGEM (several
versions: pGEM-T easy vector, pGEM-7Zf, pGEM-4Z), or pET-Duet-1 (the last one for co-expression of
proteins) (Figure 1).
The recombinant proteins were usually obtained as inclusion bodies, which were mainly solubilized
in the presence of solvents showing chaotropic activity, such as buffers containing urea (up to 8 M).
In most cases, the proteins were refolded by slow or rapid dilution in a high salt concentration buffer.
The characterization of the recombinant proteins usually displayed activity and stability parameters
closely related to those from the native proteins [17,18,44]. Thus, when the proteins are successfully
obtained by this approach, the protocol show an important advantage: almost 100% of the proteins
obtained as inclusion bodies are the recombinant proteins of interest; consequently, this process is
simple, efficient, and yields enzymes of high purity in large amounts [19].
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Figure 1. Main features of two of the most used vectors for protein expression in E. coli. Adapted from
https://www.addgene.org/. (A) pGEM-T Easy plasmid. (B) PET-3a plasmid.
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3. Homologous Expression of Proteins from Haloarchaea
Due to the limitations of genetic manipulation of members of the haloarchaea group,
the homologous expression of proteins has been less explored than heterologous expression. However,
several studies have confirmed that Hfx. volcanii can be easily manipulated, and consequently, it could
be a good model organism as the host for the expression of haloarchaeal proteins at a mid or large scale.
Table 2 summarizes most of the works reported on homologous expression of haloarchaeal enzymes.
Homologous expression must be understood as the expression of proteins in the same species or in
a closely related haloarchaea from a taxonomical point of view.
Table 2. Enzymes and proteins from haloarchaea overexpressed by homologous approaches.
Enzyme Haloarchaeal Species Host for Overexpression Reference
Dihydrolipoamide
dehydrogenase Haloferax volcanii Haloferax volcanii [49]
Proteins involved in the
synthesis of gas vesicles Halobacterium halobium Halobacterium halobium [50]
Alkaline serine
protease (halolysin) unidentified halophilic archaea Haloferax volcanii [51]
Mn-containing superoxide
dismutase (SOD)
Halobacterium cutirubrum and
Halobacterium volcanii
Halobacterium cutirubrum and
Halobacterium volcanii [52]
Peptidases Haloferax volcanii Haloferax volcanii [53]
Respiratory nitrite
reductase (Cu-NirK) Haloferax mediterranei Haloferax volcanii [21]
Alcohol dehydrogenases Haloferax volcanii Haloferax volcanii [54]
β-galactosidase Halorubrum lacusprofundi Halobacterium sp. NRC-1 [55]
In the case of Halobacterium halobium, vector plasmids for its transformation were developed using
the replicon region from the halobacterial phage H or from the plasmid pHH1 together with a DNA
fragment conferring resistance to mevinolin. H. halobium P03 (a strain lacking pHH1 as well as the
restriction endonuclease activity found in wild-type H. halobium), was used as the recipient strain.
All H. halobium fragments tested for autonomous replication as well as the Hfx. volcanii vector pWL102
enabled stable plasmid maintenance in this strain [50,56] (Figure 2).
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Figure 2. Main features of two vectors for homologous protein expression in haloarchaea. Adapted from
49 and 51. (A) PWL102, shuttle vector with demonstrated ability to transform Haloferax volcanii, Haloferax
mediterranei (ATCC 33500), Halobacterium halobium, Haloarcula hispanica (ATCC 33960), and Haloarcula
vallismortis (ATCC 29715) [49]. (B) pHH1 plasmid characterized by its high plasticity [56].
Regarding Hfx. volcanii, shuttle vectors were first described in the 1980s [57,58]. Currently,
most of the protocols are based on cloning into a pGEM T-easy vector (Figure 1) in order to carry
out the required enzymatic restrictions. Then, the gene of interest is usually inserted in a pJAS
vector [21,59]. This halophilic vector contains a strong and constitutive ferredoxin promoter from
Halobacterium salinarum and confers resistance to novobiocin. Strains such as Hfx. volcanii WFD11 are
then transformed with the construction developed as described previously by Cline, among other
authors [21,60]. It is interesting to highlight that Hfx. volcanii is currently the best haloarchaea to design
and develop protocols to obtain recombinant proteins [61]. Moreover, it has been used as the host
for bacterial protein expression. This is the case of pyruvate decarboxylase from Zymomonas mobilis,
a Gram-negative, facultative anaerobic, nonsporulating, polarly flagellated, rod-shaped bacterium [62].
4. Expression of Metalloenzymes from Haloarchaea: Denitrification as a Case Study
The nitrogen cycle (N-cycle) is one of the main biogeochemical cycles mainly driven by prokaryotes.
It compromises different redox reactions sustaining assimilatory pathways or respiratory processes
for energy conservation (Figure 3). Through this cycle, interconversions of nitrogen compounds
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are possible thanks to several enzymes, most of them being metalloenzymes [63,64]. In the case of
denitrifying haloarchaea, nitrate reductases, for instance, contain iron–sulfur clusters and molybdenum
cofactor (MoCo) [65,66]. Nitrite reductases contain siroheme and iron–sulfur clusters in the case of the
assimilatory type or copper at the active site in the case of the respiratory type [42,67]. Other proteins
involved in electron transfer in the pathways of the N-cycle such as Rieske proteins or cytochromes also
contain hemes or iron–sulfur clusters of different types ([2Fe–2S], [3Fe–4S], [4Fe–4S]). Some of these
metalloenzymes from bacteria and fungi have been successfully obtained as recombinant proteins in
E. coli [68–70], which is not the case for the enzymes from haloarchaea.
Figure 3. Major metabolic pathways of the biogeochemical nitrogen cycle. Different nitrogen compounds
arise through the actions of several biological processes, the most prominent of which are termed nitrogen
fixation, nitrification, dissimilatory nitrate reduction to ammonia (DNRA or nitrate ammonification),
anaerobic ammonia oxidation (anammox), and denitrification (adapted from Thomson and co-workers) [71].
Among the respiratory processes of the N-cycle, denitrification is one of the best studied anaerobic
metabolic pathways in haloarchaea, particularly in members of the Haloferax genus (mainly in Hfx.
mediterranei, Hfx. volcanii, and Hfx. denitrificans) [72] (Figure 4). In this pathway, nitrate (NO3−) is used
by the cells as the final electron acceptor under anoxia. Then, NO3− is further reduced to nitrite (NO2−)
and gaseous products (nitric oxide (NO), nitrous oxide (N2O), and dinitrogen (N2)). Some denitrifiers
are complete, i.e., nitrate is fully reduced to dinitrogen thanks to four key enzymes: respiratory nitrate
reductase (Nar), respiratory nitrite reductase (Nir), nitric oxide reductase (Nor), and nitrous oxide
reductase (Nos). However, the process is often incomplete (partial denitrification), leading to the
release of the gaseous intermediates NO and N2O, which affect the environment [72–74].
As the N-cycle has important environmental implications, this biogeochemical cycle has become
a major research topic worldwide during the last few years, especially with respect to its implications
in climate change, global warming, and bioremediation [63]. The connections between the N-cycle and
climate change are due to the release of these gases (NOx) to the atmosphere, which is harmful, because
these gases are responsible for the destruction of the ozone layer and contribute to the greenhouse
effect [72,73]. Regarding bioremediation, few metabolic pathways of the nitrogen cycle, such as
denitrification or anammox, are useful and efficient for wastewater treatments [73,75]. Moreover,
the enzymes of denitrification are of interest due to their potential uses in biotechnology: design of
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biosensors to measure nitrate or nitrite in wastewater, immobilization of enzymes for processes based
on electrochemistry (wastewater treatments), etc. [75–78].
Figure 4. Summary of the reactions sustaining denitrification in haloarchaea, an anaerobic pathway in
which nitrate is used as the final electron acceptor for respiratory purposes. The acronyms along the
arrows refer to the names of each of the enzymes catalyzing these reactions.
Three of these four enzymes are metalloenzymes in haloarchaea:
(i) NarGH (I): Respiratory nitrate reductase. It catalyzes the first reaction of denitrification in which
NO3− is reduced to NO2−. In general, the Nar complex in haloarchaea is a heterotrimer composed
of a catalytic subunit (NarG) that binds a bismolybdopterin guanine dinucleotide (bis-MGD)
cofactor for nitrate reduction and iron–sulfur clusters for electron transfer, an electron transfer
subunit with four iron–sulfur centers (NarH), and a subunit similar to bacterial NarI, which is
a di-b-haem integral membrane quinol dehydrogenase subunit [79] (Figure 5). This enzyme is
usually a membrane-bound enzyme (facing the positive side of the membrane in the case of
halophilic archaea) [79].
(ii) NirK: Respiratory nitrite reductase. It catalyzes the reduction of NO2− to NO (gas). In haloarchaea,
it is a Cu-type homodimeric enzyme belonging to the green Cu-NiR group [21,72].
(iii) NosZ: Nitrous oxide reductase. It catalyzes the reduction of N2O to N2 (last reaction of
denitrification in the case of complete denitrifiers). At the time of writing this communication,
none of the Nos from haloarchaea have been characterized from a biochemical point of view.
From the analysis of the genes coding for it, it can be assumed that they are structurally complex
Cu-containing enzymes similar to bacterial NosZ [72].
Figure 5. Structure of the main cofactors found in respiratory nitrate reductases in haloarchaea. (A)
molybdenum cofactor (MoCo), which is located at the catalytic subunit of the enzyme [80] and (B)
iron–sulfur clusters located in both catalytic and electron transfer subunits [65,79]. Molecules drawn
with BioVIA Draw 2019 [81].
The first approach carried out to perform heterologous expression of respiratory nitrate reductase
from Haloferax mediterranei using E. coli as the host was been successful. In this case, genes coding for
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the catalytic and the electron transfer subunit (NarG and NarH, respectively) were overexpressed and
obtained as inclusion bodies. The inclusions bodies were solubilized in urea as previously described in
the literature [19,44], and the refolding of the protein was performed by (i) rapid dilution or (ii) slow
dilution with incubation at 4 ◦C or room temperature. High salt concentration buffers supplemented
with sources of iron, sulfur, and molybdenum (at different concentrations between 0 and 1 mM)
were used for the dilution. Other approaches already assayed in haloarchaea were based on the
overexpression of genes belonging to the Nar gene cluster (it includes a chaperon and a protein
involved in the biosynthesis of MoCo cofactor) [65,79], but positive results have not been reported
yet. Regarding NirK from haloarchaea, the best results for its overproduction have been reported for
the overexpression of the nirK gene from Hfx. mediterranei in Hfx. volcanii [21]. Although this is not
homologous expression stricto sensu, Hfx. volcanii is revealed as a good host to carry out “homologous
expression” of haloarchaeal genes in order to produce proteins of interest (mainly metalloprotein).
Finally, no study has been reported to date on heterologous or homologous expression of a haloarchaeal
nitrous oxide reductase.
Apart from the difficulties of heterologous or homologous expression of haloarchaeal enzymes
involved in denitrification, another limitation to be highlighted is the purification of these proteins.
Most of them are membrane proteins, and in those cases in which the enzymes have been characterized,
it is possible to conclude that the TAT system is involved in the exportation of these membrane
enzymes [64,72,73]. Some of the protocols successfully described to purify denitrifying enzymes
from haloarchaeal membrane enzymes involve the use of detergents such as Triton X-10 [65]. Thus,
purification must be carried out by using buffers with high salt concentration (to keep the native
structure and activity) and detergents. The main characteristics of such types of buffers are their
high density and viscosity, which negatively affect the chromatographic steps usually considered
for protein purification [65,66,79]. Nevertheless, protocols for purification of respiratory nitrate
reductases located in the membrane have been reported from Haloferax mediterranei, for instance [65],
in which ionic exchange and hydrophobic chromatographies allow the highest purification fold,
keeping constant a high value of specific enzymatic activity [65]. Optimization of both homologous
protein overexpression and subsequent protein purification will promote potential uses of denitrifying
enzymes in biotechnology and industries. Thus, those enzymes could be of high interest for the design
and development of enzymatic immobilization procedures for wastewater treatments or the design
of enzyme-based biosensors to monitor nitrate/nitrite concentrations in water containing high salt
concentrations, which is one of the challenges to be overcame in the near future [76–78].
5. Conclusions
Although several protocols have been developed and refined to produce and purify some
recombinant proteins from haloarchaea using mesophilic bacteria such as E. coli as the host, those
protocols do not allow successful overproduction of the majority of haloarchaeal proteins, mainly
those containing metallocofactors. The development of a series of plasmid vectors and host strains
for conditional overexpression of halophilic proteins in the haloarchaeon Hfx. volcanii during the
last decade offers new approaches for large-scale production of haloarchaeal proteins and enzymes
that are of interest in industry and biotechnology [20,82,83]. Nevertheless, new challenges have to be
overcome to achieve the following: (i) coupling the production of the apoproteins with the synthesis
of cofactors in the case of metalloproteins; (ii) exploring whether or not the culture media for these
purposes must be enriched with metals to sustain the production of metallocofactors; and (iii) if
metal supplementation is required, optimizing the compositions of culture media to avoid metal
precipitation due to the high ionic strength of the cultures used for the growth of haloarchaea. Thus,
the development of plasmid vectors to co-express metalloproteins from haloarchaea and the genes
coding for chaperons or enzymes related to the biosynthesis of cofactors (such as [Fe–S] or MoCo) is
one of the main targets to be achieved in the future. In this context, the minichaperone-based protein
fusion system recently described could be beneficial to achieve the overexpression of haloarchaeal
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proteins [84,85] Finally, because each protein is unique and due to the complex interactions among the
reagents in experiments, it is mandatory to set up reaction conditions that would be optimal for each
specific process to get recombinant proteins. Therefore, methods for the optimization of experimental
conditions based on a one-factor-at-a-time approach should be replaced by a carefully selected small
set of experiments characterized by their low cost and low time requirements. Available software
packages would facilitate the choice of the design of the experiments in order to predict the effect of
each factor and the effects of their interactions on a process sustaining the production of recombinant
proteins [86]. Other approaches such as recombinant protein expression in biofilms [87] should be
explored in the case of overexpression of proteins from haloarchaea.
Funding: This work was funded by research grants from the MINECO Spain (RTI2018-099860-B-I00) and the
University of Alicante (VIGROB-309).
Conflicts of Interest: The author declares no conflict of interest.
References
1. Celie, P.H.; Parret, A.H.; Perrakis, A. Recombinant cloning strategies for protein expression. Curr. Opin.
Struct. Biol. 2016, 38, 145–154. [CrossRef]
2. Nielsen, J. Production of biopharmaceutical proteins by yeast: Advances through metabolic engineering.
Bioengineered 2013, 4, 207–211. [CrossRef]
3. Nevalainen, K.M.; Te’o, V.S.; Bergquist, P.L. Heterologous protein expression in filamentous fungi.
Trends Biotechnol. 2005, 23, 468–474. [CrossRef]
4. Shatzman, A.R.; Rosenberg, M. Efficient expression of heterologous genes in Escherichia coli the pAS vector
system and its applications. Ann. N. Y. Acad. Sci. 1986, 478, 233–248. [CrossRef]
5. Harris, T.J.; Emtage, J.S. Expression of heterologous genes in Escherichia coli. Microbiol. Sci. 1986, 3, 28–31.
6. Jia, B.; Jeon, C.O. High-throughput recombinant protein expression in Escherichia coli: Current status and
future perspectives. Open Biol. 2016, 6, 160196. [CrossRef]
7. Gileadi, O. Recombinant Protein Expression in E coli: A Historical Perspective. Methods Mol. Biol. 2017, 1586,
3–10. [CrossRef]
8. Hockney, R.C. Recent developments in heterologous protein production in Escherichia coli. Trends Biotechnol.
1994, 12, 456–463. [CrossRef]
9. Georgiou, G.; Valax, P. Expression of correctly folded proteins in Escherichia coli. Curr. Opin. Biotechnol. 1996,
7, 190–497. [CrossRef]
10. Gómez, S.; López-Estepa, M.; Fernández, F.J.; Vega, M.C. Protein Complex Production in Alternative
Prokaryotic Hosts. Adv. Exp. Med. Biol. 2016, 896, 115–133. [CrossRef] [PubMed]
11. Öztürk, S.; Ergün, B.G.; Çalık, P. Double promoter expression systems for recombinant protein production by
industrial microorganisms. Appl. Microbiol. Biotechnol. 2017, 101, 7459–7475. [CrossRef] [PubMed]
12. Francis, D.M.; Page, R. Strategies to optimize protein expression in Escherichia coli. Curr. Protoc. Protein Sci.
2010, 61, 5.24.1–5.24.29. [CrossRef] [PubMed]
13. Wingfield, P.T.; Palmer, I.; Liang, S.M. Folding and Purification of Insoluble (Inclusion Body) Proteins from
Escherichia coli. Curr. Protoc. Protein Sci. 2014, 78, 1–30. [CrossRef] [PubMed]
14. Zhang, Z.; Yang, J.; Barford, D. Recombinant expression and reconstitution of multiprotein complexes by the
USER cloning method in the insect cell-baculovirus expression system. Methods 2016, 95, 13–25. [CrossRef]
15. Blecher, O.; Goldman, S.; Mevarech, M. High expression in Escherichia coli of the gene coding for dihydrofolate
reductase of the extremely halophilic archaebacterium Haloferax volcanii Reconstitution of the active enzyme
and mutation studies. Eur. J. Biochem. 1993, 216, 199–203. [CrossRef]
16. Connaris, H.; Chaudhuri, J.B.; Danson, M.J.; Hough, D.W. Expression, reactivation, and purification of
enzymes from Haloferax volcanii in Escherichia coli. Biotechnol. Bioeng. 1999, 64, 38–45. [CrossRef]
17. Camacho, M.; Rodríguez-Arnedo, A.; Bonete, M.J. NADP-dependent isocitrate dehydrogenase from the
halophilic archaeon Haloferax volcanii: Cloning, sequence determination and overexpression in Escherichia coli.
FEMS Microbiol. Lett. 2002, 209, 155–160. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 82 11 of 14
18. Díaz, S.; Pérez-Pomares, F.; Pire, C.; Ferrer, J.; Bonete, M.J. Gene cloning, heterologous overexpression and
optimized refolding of the NAD-glutamate dehydrogenase from Haloferax mediterranei. Extremophiles 2006,
10, 105–115. [CrossRef]
19. Esclapez, J.; Bonete, M.J.; Camacho, M.; Pire, C.; Ferrer, J.; Bautista, V.; Martínez-Espinosa, R.M.; Zafrilla, B.;
Pérez-Pomares, F.; Díaz, S. An optimized method to produce halophilic proteins in Escherichia coli.
Microbial. Cell Factories 2006, 5, S22. [CrossRef]
20. Allers, T. Overexpression and purification of halophilic proteins in Haloferax volcanii. Bioeng. Bugs. 2010, 1,
288–290. [CrossRef]
21. Esclapez, J.; Zafrilla, B.; Martínez-Espinosa, R.M.; Bonete, M.J. Cu-NirK from Haloferax mediterranei as
an example of metalloprotein maturation and exportation via Tat system. Biochim. Biophys. Acta 2013, 1834,
1003–1009. [CrossRef] [PubMed]
22. Lv, J.; Wang, S.; Zeng, C.; Huang, Y.; Chen, X. Construction of a shuttle expression vector with a promoter
functioning in both halophilic Archaea and Bacteria. FEMS Microbiol. Lett. 2013, 349, 9–15. [CrossRef]
[PubMed]
23. Giani, M.; Garbayo, I.; Vílchez, C.; Martínez-Espinosa, R.M. Haloarchaeal Carotenoids: Healthy Novel
Compounds from Extreme Environments. Mar. Drugs 2019, 17, E524. [CrossRef] [PubMed]
24. Straub, C.T.; Counts, J.A.; Nguyen, D.M.N.; Wu, C.H.; Zeldes, B.M.; Crosby, J.R.; Conway, J.M.; Otten, J.K.;
Lipscomb, G.L.; Schut, G.J.; et al. Biotechnology of extremely thermophilic archaea. FEMS Microbiol. Rev.
2018, 42, 543–578. [CrossRef]
25. Cabrera, M.Á.; Blamey, J.M. Biotechnological applications of archaeal enzymes from extreme environments.
Biol. Res. 2018, 51, 37. [CrossRef]
26. Atalah, J.; Cáceres-Moreno, P.; Espina, G.; Blamey, J.M. Thermophiles and the applications of their enzymes
as new biocatalysts. Bioresour. Technol. 2019, 280, 478–488. [CrossRef]
27. Dumorné, K.; Córdova, D.C.; Astorga-Eló, M.; Renganathan, P. Extremozymes: A Potential Source for
Industrial Applications. J. Microbiol. Biotechnol. 2017, 27, 649–659. [CrossRef]
28. Littlechild, J.A. Archaeal Enzymes and Applications in Industrial Biocatalysts. Archaea 2015, 2015, 147671.
[CrossRef]
29. Horikoshi, K. Alkaliphiles: Some applications of their products for biotechnology. Microbiol. Mol. Biol. Rev.
1999, 63, 735–750.
30. Niehaus, F.; Bertoldo, C.; Kähler, M.; Antranikian, G. Extremophiles as a source of novel enzymes for
industrial application. Appl. Microbiol. Biotechnol. 1999, 51, 711–729. [CrossRef]
31. Danson, M.J.; Hough, D.W. Structure, function and stability of enzymes from the Archaea. Trends Microbiol.
1998, 6, 307–314. [CrossRef]
32. Cowan, D.A. Biotechnology of the Archaea. Trends Biotechnol. 1992, 10, 315–323. [CrossRef]
33. DasSarma, S.; DasSarma, P. Halophiles and their enzymes: Negativity put to good use. Curr. Opin. Microbiol.
2015, 25, 120–126. [CrossRef] [PubMed]
34. Britton, K.L.; Baker, P.J.; Fisher, M.; Ruzheinikov, S.; Gilmour, D.J.; Bonete, M.J.; Ferrer, J.; Pire, C.; Esclapez, J.;
Rice, D.W. Analysis of protein solvent interactions in glucose dehydrogenase from the extreme halophile
Haloferax mediterranei. Proc. Natl. Acad. Sci. USA 2006, 103, 4846–4851. [CrossRef]
35. Eichler, J. Biotechnological uses of archaeal extremozymes. Biotechnol. Adv. 2001, 19, 261–278. [CrossRef]
36. Munawar, N.; Engel, P.C. Halophilic enzymes: Characteristics, structural adaptation and potential
applications for biocatalysis. Curr. Biotechnol. 2013, 2, 334–344. [CrossRef]
37. Hutcheon, G.W.; Vasisht, N.; Bolhuis, A. Characterisation of a highly stable α-amylase from the halophilic
archaeon Haloarcula hispanica. Extremophiles 2005, 9, 487–495. [CrossRef]
38. Kim, J.; Dordick, J.S. Unusual salt and solvent dependence of a protease from an extreme halophile.
Biotechnol. Bioeng. 1997, 55, 471–479. [CrossRef]
39. Marhuenda-Egea, F.C.; Bonete, M.J. Extreme halophilic enzymes in organic solvents. Curr. Opin. Biotechnol.
2002, 13, 385–389. [CrossRef]
40. Pire, C.; Marhuenda-Egea, F.C.; Esclapez, J.; Alcaraz, L.; Ferrer, J.; Bonete, M.J. Stability and enzymatic studies
of glucose dehydrogenase from the archaeon Haloferax mediterranei in reverse micelles. Biocat. Biotransf. 2004,
22, 17–23. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 82 12 of 14
41. Patoli, B.B.; Winter, J.A.; Patoli, A.A.; Delahay, R.M.; Bunting, K.A. Co-expression and purification of the
RadA recombinase with the RadB paralog from Haloferax volcanii yields heteromeric ring-like structures.
Microbiology 2017, 163, 1802–1811. [CrossRef] [PubMed]
42. Zafrilla, B.; Martínez-Espinosa, R.M.; Esclapez, J.; Pérez-Pomares, F.; Bonete, M.J. SufS protein from Haloferax.
volcanii. involved in Fe-S cluster assembly in haloarchaea. Biochim. Biophys. Acta 2010, 1804, 1476–1482.
[CrossRef] [PubMed]
43. Domenech, J.; Ferrer, J. A new D-2-hydroxyacid dehydrogenase with dual coenzyme-specificity from
Haloferax mediterranei, sequence analysis and heterologous overexpression. Biochim. Biophys. Acta 2006, 1760,
1667–1674. [CrossRef] [PubMed]
44. Pire, C.; Esclapez, J.; Ferrer, J.; Bonete, M.J. Heterologous overexpression of glucose dehydrogenase from
the halophilic archaeon Haloferax. mediterranei., an enzyme of the medium chain dehydrogenase family.
FEMS Microbiol. Lett. 2001, 200, 221–227. [CrossRef]
45. De Castro, R.E.; Ruiz, D.M.; Giménez, M.I.; Silveyra, M.X.; Paggi, R.A.; Maupin-Furlow, J.A. Gene cloning and
heterologous synthesis of a haloalkaliphilic extracellular protease of Natrialba magadii (Nep). Extremophiles
2008, 12, 677–687. [CrossRef]
46. Uthandi, S.; Prunetti, L.; De Vera, I.M.; Fanucci, G.E.; Angerhofer, A.; Maupin-Furlow, J.A. Enhanced archaeal
laccase production in recombinant Escherichia coli by modification of N-terminal propeptide and twin arginine
translocation motifs. J. Ind. Microbiol. Biotechnol. 2012, 39, 1523–1532. [CrossRef]
47. Salin, M.L.; Duke, M.V.; Oesterhelt, D.; Ma, D.P. Cloning and determination of the nucleotide sequence of the
Mn-containing superoxide dismutase gene from Halobacterium halobium. Gene 1988, 70, 153–159. [CrossRef]
48. Tu, C.H.; Yi, H.P.; Hsieh, S.Y.; Lin, H.S.; Yang, C.S. Overexpression of Different Types of Microbial Rhodopsins with
a Highly Expressible Bacteriorhodopsin from Haloarcula marismortui as a Single Protein in E. coli. Sci. Rep. 2018, 8,
14026. [CrossRef]
49. Jolley, K.A.; Rapaport, E.; Hough, D.W.; Danson, M.J.; Woods, W.G.; Dyall-Smith, M.L. Dihydrolipoamide
dehydrogenase from the halophilic archaeon Haloferax volcanii: Homologous overexpression of the cloned
gene. J. Bacteriol. 1996, 178, 3044–3048. [CrossRef]
50. Blaseio, U.; Pfeiferm, F. Transformation of Halobacterium. halobium: Development of vectors and investigation
of gas vesicle synthesis. Proc. Natl. Acad. Sci. USA 1990, 87, 6772–6776. [CrossRef]
51. Kamekura, M.; Seno, Y.; Holmes, M.L.; Dyall-Smith, M.L. Molecular cloning and sequencing of the gene for
a halophilic alkaline serine protease (halolysin) from an unidentified halophilic archaea strain (172P1) and
expression of the gene in Haloferax volcanii. J. Bacteriol. 1992, 174, 736–742. [CrossRef] [PubMed]
52. May, B.P.; Tam, P.; Dennis, P.P. The expression of the superoxide dismutase gene in Halobacterium cutirubrum
and Halobacterium volcanii. Can. J. Microbiol. 1989, 35, 171–175. [CrossRef] [PubMed]
53. Fine, A.; Irihimovitch, V.; Dahan, I.; Konrad, Z.; Eichler, J. Cloning, expression, and purification of functional
Sec11a and Sec11b, type I signal peptidases of the archaeon Haloferax volcanii. J. Bacteriol. 2006, 188, 1911–1919.
[CrossRef] [PubMed]
54. Timpson, L.M.; Liliensiek, A.K.; Alsafadi, D.; Cassidy, J.; Sharkey, M.A.; Liddell, S.; Allers, T.; Paradisi, F. A
comparison of two novel alcohol dehydrogenase enzymes (ADH1 and ADH2) from the extreme halophile
Haloferax volcanii. Appl. Microbiol. Biotechnol. 2013, 97, 195–203. [CrossRef] [PubMed]
55. Karan, R.; Capes, M.D.; DasSarma, P.; DasSarma, S. Cloning, overexpression, purification, and characterization
of a polyextremophilic β-galactosidase from the Antarctic haloarchaeon Halorubrum lacusprofundi.
BMC Biotechnol. 2013, 13, 3. [CrossRef]
56. Pfeifer, F.; Ghahraman, P. Plasmid pHH1 of Halobacterium salinarium: Characterization of the replicon region,
the gas vesicle gene cluster and insertion elements. Mol. Gen. Genet. 1993, 238, 193–200. [PubMed]
57. Lam, W.L.; Doolittle, W.F. Shuttle vectors for the archaebacterium Halobacterium volcanii. Proc. Natl. Acad. Sci. USA
1989, 86, 5478–5482. [CrossRef]
58. Cline, S.W.; Lam, W.L.; Charlebois, R.L.; Schalkwyk, L.C.; Doolittle, W.F. Transformation methods for
halophilic archaebacteria. Can. J. Microbiol. 1989, 35, 148–152. [CrossRef]
59. Pfeifer, F.; Offner, S.; Krüger, K.; Ghahraman, P.; Englert, C. Transformation of halophilic archaea and
investigation of gas–vesicle synthesis. Syst. Appl. Microbiol. 1994, 16, 569–577. [CrossRef]
60. Cline, S.W.; Schalkwyk, L.D.; Doolittle, W.F. Transformation of the archaebacterium Halobacterium volcanii
with genomic DNA. J. Bacteriol. 1989, 171, 4987–4991. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 82 13 of 14
61. Strillinger, E.; Grötzinger, S.W.; Allers, T.; Eppinger, J.; Weuster-Botz, D. Production of halophilic proteins
using Haloferax volcanii H1895 in a stirred-tank bioreactor. Appl. Microbiol. Biotechnol. 2016, 100, 1183–1195.
[CrossRef] [PubMed]
62. Kaczowka, S.J.; Reuter, C.J.; Talarico, L.A.; Maupin-Furlow, J.A. Recombinant production of Zymomonas mobilis
pyruvate decarboxylase in the haloarchaeon Haloferax volcanii. Archaea 2005, 1, 327–334. [CrossRef] [PubMed]
63. Martínez-Espinosa, R.M.; Cole, J.A.; Richardson, D.J.; Watmough, N.J. Enzymology and ecology of the
nitrogen cycle. Biochem. Soc. Trans. 2011, 39, 175–178. [CrossRef] [PubMed]
64. Bonete, M.J.; Martínez-Espinosa, R.M.; Pire, C.; Zafrilla, B.; Richardson, D.J. Nitrogen metabolism in
haloarchaea. Saline Syst. 2008, 4, 9. [CrossRef]
65. Lledó, B.; Martínez-Espinosa, R.M.; Marhuenda-Egea, F.C.; Bonete, M.J. Respiratory nitrate reductase from
haloarchaeon Haloferax mediterranei: Biochemical and genetic analysis. Biochim. Biophys. Acta 2004, 1674,
50–59. [CrossRef]
66. Martínez-Espinosa, R.M.; Marhuenda-Egea, F.C.; Bonete, M.J. Assimilatory nitrate reductase from the
haloarchaeon Haloferax mediterranei: Purification and characterisation. FEMS Microbiol. Lett. 2001, 204,
381–385. [CrossRef]
67. Martínez-Espinosa, R.M.; Marhuenda-Egea, F.C.; Bonete, M.J. Purification and characterisation of a possible
assimilatory nitrite reductase from the halophile archaeon Haloferax mediterranei. FEMS Microbiol. Lett. 2001,
196, 113–118. [CrossRef]
68. Chu, S.; Zhang, D.; Wang, D.; Zhi, Y.; Zhou, P. Heterologous expression and biochemical characterization of
assimilatory nitrate and nitrite reductase reveals adaption and potential of Bacillus. megaterium. NCT-2 in
secondary salinization soil. Int. J. Biol. Macromol. 2017, 101, 1019–1028. [CrossRef]
69. Gao, H.; Li, C.; Ramesh, B.; Hu, N. Cloning, purification and characterization of novel Cu-containing nitrite
reductase from the Bacillus firmus GY-49. World. J. Microbiol. Biotechnol. 2017, 34, 10. [CrossRef]
70. Ringel, P.; Probst, C.; Dammeyer, T.; Buchmeier, S.; Jänsch, L.; Wissing, J.; Tinnefeld, P.; Mendel, R.R.;
Jockusch, B.M.; Kruse, T. Enzymatic characterization of recombinant nitrate reductase expressed and purified
from Neurospora crassa. Fungal. Genet. Biol. 2015, 80, 10–18. [CrossRef]
71. Thomson, A.J.; Giannopoulos, G.; Pretty, J.; Baggs, E.M.; Richardson, D.J. Biological sources and sinks of
nitrous oxide and strategies to mitigate emissions. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2012, 367, 1157–1168.
[CrossRef] [PubMed]
72. Torregrosa-Crespo, J.; Martínez-Espinosa, R.M.; Esclapez, J.; Bautista, V.; Pire, C.; Camacho, M.;
Richardson, D.J.; Bonete, M.J. Anaerobic Metabolism in Haloferax Genus: Denitrification as Case of Study.
Adv. Microb. Physiol. 2016, 68, 41–85. [CrossRef] [PubMed]
73. Torregrosa-Crespo, J.; Bergaust, L.; Pire, C.; Martínez-Espinosa, R.M. Denitrifying haloarchaea: Sources and
sinks of nitrogenous gases. FEMS Microbiol. Lett. 2018, 365, fnx270. [CrossRef] [PubMed]
74. Torregrosa-Crespo, J.; González-Torres, P.; Bautista, V.; Esclapez, J.M.; Pire, C.; Camacho, M.; Bonete, M.J.;
Richardson, D.J.; Watmough, N.J.; Martínez-Espinosa, R.M. Analysis of multiple haloarchaeal genomes
suggests that the quinone-dependent respiratory nitric oxide reductase is an important source of nitrous
oxide in hypersaline environments. Environ. Microbiol. Rep. 2017, 9, 788–796. [CrossRef] [PubMed]
75. Aracil-Gisbert, S.; Torregrosa-Crespo, J.; Martínez-Espinosa, R.M. Recent Trend on Bioremediation of Polluted
Salty Soils and Waters Using Haloarchaea. In Advances in Bioremediation and Phytoremediation; Shiomi, N., Ed.;
Intech: London, UK, 2018; pp. 63–77.
76. Torregrosa-Crespo, J.; Pire Galiana, C.; Martínez-Espinosa, R.M. Biocompounds from Haloarchaea and Their
Uses in Biotechnology. In New Biocatalysts, Novel Pharmaceuticals and Various Biotechnological Applications;
Sghaier, H., Najjari, A., Ghedira, K., Eds.; Intech: London, UK, 2017; pp. 63–82.
77. Sohail, M.; Adeloju, S.B. Nitrate biosensors and biological methods for nitrate determination. Talanta 2016,
153, 83–98. [CrossRef]
78. Almeida, M.G.; Serra, A.; Silveira, C.M.; Moura, J.J. Nitrite biosensing via selective enzymes—A long but
promising route. Sensors (Basel) 2010, 10, 11530–11555. [CrossRef]
79. Martínez-Espinosa, R.M.; Dridge, E.J.; Bonete, M.J.; Butt, J.N.; Butler, C.S.; Sargent, F.; Richardson, D.J. Look
on the positive side! The orientation, identification and bioenergetics of ‘Archaeal’ membrane-bound nitrate
reductases. FEMS Microbiol. Lett. 2007, 276, 129–139. [CrossRef]
80. Miralles-Robledillo, J.M.; Torregrosa-Crespo, J.; Martínez-Espinosa, R.M.; Pire, C. DMSO Reductase Family:
Phylogenetics and Applications of Extremophiles. Int. J. Mol. Sci. 2019, 20, E3349. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 82 14 of 14
81. Dassault Systèmes Biovia Biovia Draw 2019. Available online: https://www.3dsbiovia.com/products/
collaborative-science/biovia-draw/ (accessed on 21 October 2019).
82. Allers, T.; Barak, S.; Liddell, S.; Wardell, K.; Mevarech, M. Improved strains and plasmid vectors for
conditional overexpression of His-tagged proteins in Haloferax volcanii. Appl. Environ. Microbiol. 2010, 76,
1759–1769. [CrossRef]
83. Pohlschroder, M.; Schulze, S. Haloferax volcanii. Trends Microbiol. 2019, 27, 86–87. [CrossRef]
84. Sharapova, O.A.; Yurkova, M.S.; Fedorov, A.N. A minichaperone-based fusion system for producing insoluble
proteins in soluble stable forms. Protein Eng. Des. Sel. 2016, 29, 57–64. [CrossRef] [PubMed]
85. Yurkova, M.S.; Sharapova, O.A.; Zenin, V.A.; Fedorov, A.N. Versatile format of minichaperone-based protein
fusion system. Sci. Rep. 2019, 9, 15063. [CrossRef] [PubMed]
86. Papaneophytou, C. Design of Experiments as a Tool for Optimization in Recombinant Protein Biotechnology:
From Constructs to Crystals. Mol. Biotechnol. 2019, 61, 873–891. [CrossRef] [PubMed]
87. Soares, A.; Azevedo, A.; Gomes, L.C.; Mergulhão, F.J. Recombinant protein expression in biofilms.
AIMS Microbiol. 2019, 5, 232–250. [CrossRef]
© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
